SUMMARY This study was prompted by a conclusion that emerged from experiments by others on mammalian ventricular muscle i.e., that the magnitude of the calcium current (l«i) does not influence contraction on the accompanying beat. In the key experiments, muscles were potentiated with paired pulses, rested for 2 minutes, and then re-stimulated. When Co I+ was present during the rest, the first post-rest action potential (and presumably I.i) was depressed but contraction was unchanged. In the present study, we have measured the effect of Co I+ on the action potential, I. lf and tension of bovine, cat, and rabbit ventricular muscle. All three parameters were depressed by 1-2 mM Co I+ when muscle was stimulated at 20/min. The key experiments of the earlier study were repeated. THE slow inward calcium current (I.,) may participate in at least three aspects of the excitationcontraction coupling process in mammalian cardiac muscle: (1) as the initiating electrical event or trigger, (2) to replenish the intracellular stores of calcium in the sarcoplasmic reticulum (SR), and (3) to modulate the release of calcium from the SR stores for the contractile event. Support for the trigger function of L, comes from studies showing that, in the absence of Li, depolarization does not trigger a contraction (New and Trautwein, 1972b; Trautwein et al., 1975) . Wood et aL (1969) emphasized the influence that membrane history has on the contractile event. They hypothesized that calcium flowing into the cell during an action potential replenishes intracellular stores and becomes available for release, and tension, on subsequent beats.
THE slow inward calcium current (I.,) may participate in at least three aspects of the excitationcontraction coupling process in mammalian cardiac muscle: (1) as the initiating electrical event or trigger, (2) to replenish the intracellular stores of calcium in the sarcoplasmic reticulum (SR), and (3) to modulate the release of calcium from the SR stores for the contractile event. Support for the trigger function of L, comes from studies showing that, in the absence of Li, depolarization does not trigger a contraction (New and Trautwein, 1972b; Trautwein et al., 1975) . Wood et aL (1969) emphasized the influence that membrane history has on the contractile event. They hypothesized that calcium flowing into the cell during an action potential replenishes intracellular stores and becomes available for release, and tension, on subsequent beats.
The third function attributed to I M , modulation or grading of the release of calcium from the SR, is one that remains debatable. Leaving aside speculation on how Li might grade tension, the question becomes: Is the magnitude of Li an important determinant of the contractile strength of the accompanying beat? A study appearing in this journal (Bass, 1976 ) addressed itself to this question.
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Received March 18, 1980 ; accepted for publication February 5, 1981. Calf and sheep ventricular bundles were potentiated with a series of paired pulses, rested for 2 minutes, and then restimulated. When solutions containing 1 mM cobalt chloride (Co 2+ ) were present during the rest and re-stimulation periods, the amplitude of the first post-rest contraction was unchanged from control, although the action potential plateau was depressed. However, subsequent postrest contractions were strongly depressed.
Bass reasoned that the internal calcium available for release after paired pulsing and a 2-minute rest period ought to be same under control conditions as during exposure to Co a+ . Then, since Co 2+ has been shown to block Li in cat papillary muscle (Kohlhardt et al., 1973) , he concluded that (1) the suppression of I B had no effect on the first post-rest response because Li has little bearing on the amount of calcium released for activation, and (2) the suppression of I w depressed subsequent post-rest responses because I S1 plays a major part in the refilling of intracellular stores.
Bass' results have implications for E-C coupling models which incorporate graded release of intracellular calcium by I,,, i.e., graded release is nonexistent or, at the very least, is not present under these particular experimental conditions. One additional possibility can be raised: I a is not reduced by Co 2+ on the first post-rest response, only on subsequent ones ("use-dependent" block). That the first post-rest Co 2+ action potential was depressed creates a problem with this interpretation unless the depression was caused by an increase in outward current and the relevant flow of L, was not hindered.
These considerations prompted us to examine the blocking action of Co 2+ and to repeat the critical experiments. The results differ considerably from thoee of Bass.
Methods
Trabeculae (diameter 0.2-0.6 mm, length >3 mm) were excised from the hearts of young bulls within minutes of their slaughter. Papillary muscles of similar diameter were excised from the hearts of cats (ether narcosis) and rabbits (cervical dislocation). Preparations were mounted horizontally in a plastic chamber and then superfused with Tyrode's solution of che following composition (ITLM): NaCl, 140.0; KC1, 5.4; MgCl 2 , 1.8; CaCl 2 , 1.8; NaHCOj, 12.0; NaH 2 PO 4 , 0.4; and glucose, 5.0. Tyrode's solutions were gassed with 95% Oo, 5% CO2 and the temperature of the solutions was 36 ± 1°C. Preparations were electrically stimulated at 20/min and equilibrated for 30-60 minutes before the beginning of an experiment.
Electrical activity was recorded by conventional means, using intracellular microelectrodes filled with 3 M KC1; tension was monitored with a Statham UC2 force transducer. Recordings were stored on FM-tape and played back later for analysis and photography.
Voltage Clamp Experiments
Preparations were mounted in a bath having three compartments separated from each other by rubber sheets. Muscles were drawn through holes burned into the rubber; the portion of a muscle which protruded in the right (test) compartment had a length of 0.3-0.6 mm and was connected to a wire rod extending to the force transducer. The segment in the middle (sucrose) compartment was 1.5-2.0 mm in length and the rest of the muscle was located in the left (KC1) compartment. During the equilibration period, all three compartments were perfused with Tyrode's solution. The sucrose gap was established by perfusing the middle compartment with a solution containing 304 mM sucrose (enzymatic grade), 10 mM glucose, and 0.01 mM CaCl 2 in de-ionized water, and the left compartment with a KCl-Tyrode solution (NaCl replaced by KC1). Sucrose solutions were gassed with 100% O 2 . Membrane potentials were recorded from the segment of the muscle in the test compartment with microelectrodes and the current was applied across the sucrose gap. For a description of the electronic circuits, limitations of the method, typical transgap resistances, etc., see New and Trautwein (1972a) , McDonald and Trautwein (1978) , and Trautwein and McDonald (1978) .
Drugs
C0CI2 was obtained from Merck and D 600 was a gift from Knoll AG.
Results

Control Experiments with Co
2+
The initial series of experiments explored the effects of Co 2+ on the action potential and peak tension of bovine ventricular muscle stimulated at a regular rate of 20/min. The depression of tension was dose-dependent; concentrations below 0.5 mM had little effect on contraction, whereas concentrations of 5-10 mM almost completely abolished it. At the concentrations of interest, 1 to 2 HIM, the degree of depression was somewhat unpredictable. This is illustrated in Figure 1 which compares the decline of peak tension and plateau voltage in two different muscles exposed to 2 mM Co 2+ during regular stimulation at 20/min. The full effect of Co~+ was present in both muscles after 4 minutes but, in muscle A, this amounted to reductions of 60% in peak tension and 9 mV in plateau amplitude compared to 95% and 16 mV reductions in muscle B.
The change in plateau potential was judged to be a more reliable index of the Co 2+ effect on electrical activity than the change in action potential duration because the latter can range from 300 to 800 msec (80% repolarization) under control conditions . With appropriate scaling, there seems to be a useful correlation between the depression of the plateau potential and the depression of tension ( Fig. 1 ; also see Figs. 5, 6) . Since this concentration of Co 2+ did not affect the maximum rate of rise of the action potential, the depression of the plateau could arise from a reduction in the slow inward current (L,) and/or from a large increase in outward current. Figure 2 shows the membrane currents and the tension recorded in a bovine ventricular trabecula stimulated at 20/min under voltage clamp conditions. The records were obtained prior to and 5 minutes after exposure to 2 mM Co 2+ ; in each case the membrane was depolarized from the holding potential of -60 mV to 0 mV for 300 msec. Co 2+ caused little or no change in the outward current level at 300 msec but I K1 was reduced to about 33% and peak tension to about 25% of pre-Co^ values. When membrane currents from three cat papillary muscles were separated into inward and outward components , treatment with 2 mM Co 2+ for 5 minutes depressed I fil by 50-70% and outward currents by 5-15%.
One of our possible explanations for the Bass (1976) data was that Co L ' + might not block si-channels on the first response after a rest period, only thereafter. Such a "use-dependency" would not be that unusual since it is becoming increasingly apparent that many agents that block ionic channels do so in a use-dependent manner (e.g., Hille, 1977) . We tested for this behavior in a voltage clamp experiment (Fig. 3) rest on the Co"" 1^ block was minimal is evident when it is viewed against the removal of D 600 block after a similar rest period (righthand panel).
Control Experiments on the Rest Decay of Potentiation
Information on post-rest responses under control conditions was desirable before proceeding with the Co 2+ -rest experiments. Rest decay curves (Allen et al., 1976) were obtained from eight bovine ventricular preparations. In two preparations, the first contraction after rest periods as long as 40 minutes was larger than pre-rest steady state contractions (20/min). In the other six muscles, the tension declined to less than 50% of steady state tension after rests of 10 minutes or less. The time course of decay with rest was variable with half-times ranging from 25 to 280 sec. The mean (120 sec) is not very different from the average half-time of 95 seconds for the decay of potentiation following prolonged depolarizing pulses in calf and sheep ventricular muscles (Wood et al., 1969) . In four additional muscles, the decay of the potentiation induced by five to eight paired pulses was estimated by subtracting the normal rest decay curve from the rest decay curve after paired pulsing. The half-time of decay of the potentiation due to paired pulsing ranged from 50 to 210 sec with a mean of 117 sec. The variability in the rest decay of tension in these preparations illustrates the necessity of ascertaining the control response of a muscle before proceeding with test responses. An additional requirement is that muscles maintain stable contractile force during regular stimulation and respond to paired pulse potentiation and rest in a reproducible manner. That this was attainable is indicated by measurements on two representative muscles (Fig.  4) . Peak tensions at steady state, after potentiation, and after 2-minute rests, were in good agreement and independent of whether the muscle remained in a highly potentiated state after the rest (top) or not (bottom). 
Effects of Co s+ on the Action Potential and Peak Tension after Paired Pulse Potentiation and Rest
In this series of experiments, muscles in a steady state at 20/min were subjected to six paired pulses, allowed to rest for 2 minutes, and then re-stimulated at 20/min. Two or three control cycles of this type were followed by a cycle in which Co 2+ was introduced at the beginning of the rest period. A schematic of the protocol, and records obtained from two bovine ventricular muscles are shown in Figure  5 . In the first muscle (Fig. 5A) 
* containing solution immediately after the sixth paired puke (see schematic). A: In the control run the first contraction (Rl) was larger than the final prerest potentiated beat (P6), whereas the corresponding action potential had a slightly lower overshoot but longer duration than the action potential recorded under steady state conditions. I mM Co 1 * depressed both mechanical and electrical activities. B: Paired pulse potentiation was effective in this muscle but, as indicated by the peak tension on Rl, the potentiation was quickly dissipated; 2 mM Co 2+ effectively depressed both tension and action potential on the Rl response. Note further depression by the 3rd post-rest beat (R3).
larger than the sixth potentiated paired pulse (P6) and about 60% larger than the steady state (SS) tension. However, when 1 mM Co 2+ was introduced at the beginning of the 2-minute rest, the ensuing post-rest contraction was no larger than the steady state one. The peak tension on the next beat was greatly reduced and, by the sixth post-rest contraction, it had decayed to 35% of the steady state value compared with 85% in the control run. Co 2+ also affected the post-rest action potential. In the control run, the initial action potential (Rl) was longer than the steady state one, although the plateau potential was marginally lower. Co 2+ eliminated the increase in action potential duration with rest and further reduced the plateau amplitude.
In the second bovine preparation (Fig. 5B) , the potentiated state achieved with paired pulsing was dissipated during the 2-minute rest, the amplitude of the Rl contraction being only about 40% of the steady state value. Over the next five beats, the tension recovered in a staircase manner. In this muscle, 2 mM Co 2+ reduced the Rl twitch to 30% of that recorded in the control run. Over the next five beats, the tension grew weaker in contrast to the positive staircase seen in the control run. The action potential triggering the control Rl contraction was marginally higher in plateau amplitude and 50 msec longer in duration than the steady state action potential. Conversely, the initial action potential during Co 2+ had a depressed plateau and was shorter in duration than the steady state action potential; this inhibition became more severe on succeeding beats.
The results in Figure 5 with 1 and 2 mM Co were obtained from two muscles with quite different control post-rest responses; i.e., muscle A maintained a potentiated state during the 2-minute rest whereas muscle B did not. We obtained a better indication of the dependence of inhibition on Co 2+ concentration, and thereby the relation between electrical and contractile depression, by employing two preparations (same heart) with similar control post-rest responses (Fig. 6 ). After the control run, the first muscle (circles) was exposed to 1 mM Co 2+ during the 3-minute rest period and subsequent restimulation. After 2 minutes of restimulation, the Co 2+ -Tyrode's was replaced with normal Tyrode's and the Co 2+ washed out over the next 15 minutes. Two further control runs were followed by a cycle with 1.5 mM Co 2+ . A control response in the second muscle (triangles) was followed by exposure to 1 mM Co 2+ , washout, two controls, and finally a 2 mM Co 2+ cycle. If one bears in mind the limitations of the procedure adopted, the cross-checks within the experiment (similar control, 1 mM Co~+ responses) suggest that the results are useful.
The mean peak of the Rl post-rest response under control conditions was 105% of the steady state value. This was reduced to 85% with 1 mM Co 2+ , 70% with 1.5 mM Co 2 \ and 50% with 2 mM Co 2+ . Two minutes after the resumption of 20/min stimulation (R40), the control tension was within a few percent of the steady state value, whereas the tensions in Co 2+ -treated muscles were 75%, 50%, and 12% for 1, 1.5, and 2 mM, respectively. The action potentials recorded during the Co~' + cycles indicate a close correspondence between depression of tension and depression of the plateau potential. Control cycles (six paired pulses, re*t, and restinlulaLion to steady state at 20/min) were followed by one Co : ' cycle in each muscle, Co J ' being introduced at the beginning of the refit period. Average Rl and R60 values from 2 to 3 tonlrol cycles were used to express Action potentials were recorded in the majority of these muscles including cat and rabbit. As in Figure 6 , plateau depression was in good agreement with tension depression and was not due to a reduction in action potential upstroke velocity. To complete the study, we also examined the effect of Co 2+ on post-rest responses without prior paired pulsing; 2 mM Co 2+ reduced tension in each case (n = 5).
Discussion
At concentrations between 1 and 2 mM, Co" + depressed the action potential and contractile activity in ventricular muscle strands. In muscle undergoing regular electrical stimulation, the Co 2+ depression was dose-dependent. The full effect of a 2 mM concentration occurred within 5 minutes and, during this time, the plateau voltage and tension declined in concert. In voltage clamp experiments, I,, was reduced by Co 2+ and, since neither the rapid upstroke of the action potential nor the outward current was affected, I,, suppression provides a suitable explanation for the Co 2+ -depressed action potential plateau.
The relation between plateau voltage and contractile strength in muscles stimulated at a regular rate may be explained by assuming that 1^ flowing during the plateau is (1) an all-or-none trigger, and (2) important for the replenishment of intracellular SR stores of "activator" calcium (Wood et al., 1969) . When L, is reduced, even for one beat, the amount of releasable calcium in the stores is reduced and this is reflected in a smaller contraction on the next beat. A progressive reduction in L, such as that seen with Co 2+ , could lead to reduced stores of releasable calcium and negligible contraction.
A corollary is that, if the amount of activator calcium available for release is the same before beat a and beat b, peak tension on the two beats ought to be the same, independent of a partial inhibition of Li on, say, beat b. This was precisely the situation that Bass (1976) felt he was exploring when he potentiated ventricular strands with paired pulsing (to fill stores), superfused with 1 mM Co 2+ solution during a 2-minute rest period, and then compared the first post-rest response (Rl) with that seen under control conditions. Intracellular calcium stores were assumed to be the same just before the Rl beats but I»j would be suppressed on the Co 2+ trial. The result was that Co 2 " 1 " treatment depressed the Rl action potential but had no effect on the Rl contraction.
We were unable to duplicate these results. When 2 mM Co 2+ was present during the 2-minute rest, the Rl contraction in bovine (n = 15), cat (n = 2) and rabbit (n = 1) muscle always was less than the control Rl contraction. In experiments with 1 mM Co 2 " 1 " (n = 6 bovine muscles), the Rl contraction was depressed in all but one case.
We went to great lengths in control experiments to establish the variability between preparations and the reproducibility in any one preparation. Differences between the experimental conditions used in the Bass study and those used by us also were considered. The only apparent variables were the external concentration of Mg Although the muscles were, on average, of larger diameter than ours (0.6-0.8 mm vs. 0.2-0.6 mm), peak tension was about 25 mg during regular stimulation vs. the several .hundred mg here.
A consideration of the three points above suggests possible explanations for the discrepancy between the two studies. In our hands, the rate of decay of the potentiated contractile state varied considerably from preparation to preparation. So did the degree of inhibition by Co , especially at the 1 mM concentration. This seems to be a borderline concentration for inhibition, and it is perhaps pertinent that Lewartowski et al. (1978) found that 1 mM Ni 2+ did not affect rested state contractions in cat papillary muscle whereas 2 mM Ni 2+ depressed these contractions by 79%. In addition, the depression of I,, shown by Kohlhardt et al. (1973) was with 2 mM Co 2+ , not 1 nun. If, in fact, Bass collected control data on one group of muscles, and 1 mM Co 2+ data on a second group, it is possible that the mean scaled amplitudes of the post-rest Rl contractions were similar. That a depressed action potential was recorded could also be due to this variability.
The major reason for this series of experiments was to examine the hypothesis that the magnitude of I M has no bearing on the amount of internal calcium released for contraction in response to the first stimulus following paired pulse potentiation and a rest period. Evidence supporting this theory was gathered by Bass (1976) on bovine and sheep ventricular fibers treated with Co 2+ to inhibit the flow of I,,. Our results were obtained on bovine, cat, and rabbit ventricular muscle; they are quite different from those of Bass, and our conclusion is that they do not rule out the hypothesis (Trautwein et al., 1975; Gibbons and Fozzard, 1975 ) that I M modulates the release of intracellular calcium for contraction. In this regard, Fabiato and Fabiato (1979) have recently demonstrated that calcium-induced calcium release from the sarcoplasmic reticulum of skinned cardiac muscle cells can be graded.
